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Set2 methylation of histone H3 at lysine 36 (K36) has recently been shown to be associated with RNA
polymerase II (Pol II) elongation in Saccharomyces cerevisiae. However, whether this modification is conserved
and associated with transcription elongation in other organisms is not known. Here we report the identification
and characterization of the Set2 ortholog responsible for K36 methylation in the fission yeast Schizosaccha-
romyces pombe. We find that similar to the budding yeast enzyme, S. pombe Set2 is also a robust nucleosome-
selective H3 methyltransferase that is specific for K36. Deletion of the S. pombe set2 gene results in complete
abolishment of K36 methylation as well as a slow-growth phenotype on plates containing synthetic medium.
These results indicate that Set2 is the sole enzyme responsible for this modification in fission yeast and is
important for cell growth under stressed conditions. Using the chromatin immunoprecipitation assay, we
demonstrate that K36 methylation in S. pombe is associated with the transcribed regions of Pol II-regulated
genes and is devoid in regions that are not transcribed by Pol II. Consistent with a role for Set2 in transcription
elongation, we find that S. pombe Set2 associates with the hyperphosphorylated form of Pol II and can fully
rescue K36 methylation and Pol II interaction in budding yeast cells deleted for Set2. These results, along with
our finding that K36 methylation is highly conserved among eukaryotes, imply a conserved role for this
modification in the transcription elongation process.
Covalent histone modifications represent a major mecha-
nism by which cells regulate the structure and function of
chromatin. A number of different posttranslational modifica-
tions are known to occur on histones, including acetylation,
methylation, phosphorylation, ubiquitylation, and, more re-
cently, sumoylation (7, 17, 36, 41). While the majority of these
modifications are restricted to the flexible N- and C-terminal
tail domains of these proteins, a significant number of these
modifications have been identified in their highly structured
globular domains (11, 53). The function of these modifications
are not well understood, but it is becoming increasingly clear
that they coordinate their effects in the form of a histone code
to regulate the complex and diverse activities associated with
DNA in chromatin (21, 46, 50).
A large body of work now shows that histone methylation
plays a key role in the regulation of chromatin structure and
function. In particular, studies show that the methylation of
lysine and/or arginine residues regulates diverse cellular func-
tions such as transcriptional repression and activation, hetero-
chromatin formation, X inactivation, and polycomb-mediated
gene silencing (10, 14, 19, 23, 26, 54). More recently, studies
have revealed an unexpected role for histone methylation in
the process of transcription elongation by RNA polymerase II
(Pol II). In the budding yeast Saccharomyces cerevisiae, the
histone methyltransferases Set1 and Set2, which catalyze H3
lysine 4 (K4) and lysine 36 (K36) methylation, respectively,
have been found to be associated with the elongation-compe-
tent form of Pol II (13, 15). While Set1 association is depen-
dent on the Kin28 kinase, which phosphorylates the serine 5
(Ser5) position of the C-terminal domain (CTD) of Pol II (13,
15, 24, 31), Set2 association and methylation is dependent on
Ctk1, which phosphorylates the serine 2 position of the CTD
(25, 27, 28, 39, 52). While the precise function of these enzyme
associations with Pol II is still unclear, it is believed that K4 and
K36 methylation function in the elongation process at different
stages of the transcription elongation cycle (42, 43).
To date, the association of Set2 with elongating Pol II has
only been demonstrated in S. cerevisiae. Whether this enzyme
has a conserved role and associates with Pol II in other organ-
isms is not known. In the fission yeast Schizosaccharomyces
pombe, Set1-mediated H3 K4 methylation is preferentially en-
riched at the euchromatic loci, in particular at the regions
containing open reading frames (33, 34). Moreover, a potential
ortholog of S. cerevisiae Set2 has been identified in S. pombe
(34). In this report, we characterize the fission yeast S. pombe
Set2 (SpSet2) and find that this enzyme is a robust K36 meth-
yltransferase that mediates nucleosome-selective methylation.
Similar to what is found in budding yeast, K36 methylation in
S. pombe is restricted to the coding region of active genes, and
we show that the SpSet2 enzyme interacts with Pol II and
restores K36 methylation in S. cerevisiae when the endogenous
SET2 gene is deleted. These studies, and the fact that K36
methylation is conserved across eukaryotes, suggest a highly
conserved role for K36 methylation in transcription.
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Yeast strains. The S. pombe yeast strains used in these studies were SP1173
(wild type; h- leu1-32 his2 ura4 ade6-216) and SPK549 (set2 h leu1-32 ura4
set2::kanMX6 cen1::ura4 ade6-210). For the growth assays, S. pombe strains
SPK131 (wild type; h- leu1-32 his2 ura4 Rint2::ura4 ade6-216) and SPK612 (set2
h- leul-32 his2 ura4 Rint2::ura4 set2:kanMX6 ade6-210) were used. The set2
strain was constructed by a PCR-based method using a kanMX6 module to
replace the S. pombe set2 gene as described (5). Deletion was confirmed by
PCR and Southern blot analysis. SP1173 was used to set a genomic 3XFlag
epitope tag in S. pombe set2 as described (5), producing the SpSet2-3Flag strain
SPK653 (h leu1-32 ura4 set2-3XFLAG-kan cen1::ura4 ade6-210). S. cerevisiae
wild-type and set2 strains in the BY4742 background were obtained from
Research Genetics.
Preparation of histones. Histones were prepared as previously described (47).
Briefly, nuclei were isolated by detergent lysis and low-speed centrifugation from
293T cells grown at 37°C in Dulbecco’s modified Eagle’s medium containing 5%
fetal bovine serum. Histones were extracted from nuclei by either DNase I or
acid extraction. Wild-type Tetrahymena thermophila was grown in enriched 1%
proteose peptone, and macronuclear histones were isolated from vegetatively
growing cells (47). Nuclei were isolated from wild-type S. cerevisiae cells grown
in yeast extract-peptone-dextrose medium, and histones were acid extracted from
isolated nuclei as described (47).
Sequence analysis (Set2 homology search). Database searches and protein
sequence identifications were performed with BLAST (3) and PSI-BLAST (4).
Sequences were aligned and the phylogeny tree was calculated using the neigh-
bor-joining method in the program Clustal X (20). The resulting dendrogram was
displayed using the tree drawing program NJplot (35).
Cloning of S. pombe Set2 and generation of expression constructs. Using
primers specific to the open reading frame of set2 in S. pombe (S. pombe
GeneDB ID SPAC29B12.02c), full-length set2 with a C-terminal Flag epitope
tag inserted just before the stop codon was PCR amplified from genomic DNA.
The resulting product was cloned into either the pCAL-n (Stratagene) bacterial
or the PN823 yeast expression plasmid. The SpSet2 coding region was sequenced
for accuracy. The resulting SpSet2-PN823 (SpSet2-Flag) plasmid, which is driven
by the ADH1 promoter, was transformed into the S. cerevisiae set2 strain
BY4742. As a control, the PN823 plasmid without the open reading frame of
set2 (empty vector) and ScSet2-Flag were transformed into wild-type and set2
BY4742 strains. Wild-type full-length ScSet2-Flag bacterial and yeast expression
constructs have been described previously (48). Transformants were selected on
synthetic complete medium (SC) plates lacking uracil.
Expression of recombinant SpSet2. Plasmids expressing either SpSet2-Flag or
empty vector were transformed into Escherichia coli BL21(DE3) cells. Five-ml
cell cultures were grown to an optical density at 600 nm (OD600) of 0.8 to 1.0 in
Luria Broth (LB) medium supplemented with ampicillin (100 g/ml), followed
by addition of 1 mM isopropylthiogalactopyranoside (IPTG) for 3 h at 30°C.
Harvested cells were resuspended in 600 l lysis buffer (50 mM Tris-HCl, pH 8.0,
0.1% Triton X-1000, 350 mM NaCl, 10% glycerol, 1 mg/ml lysozyme, 1 mM
phenylmethylsulfonyl fluoride, and 2 g/ml each leupeptin, aprotinin, and pep-
statin). Lysates were prepared by sonication as previously described (48).
In vitro histone methyltransferase assays. Histone methylation assays were
performed as previously described with minor modifications (48). Briefly, 1 l of
bacterial lysate was incubated with either 1.25 g recombinant H3, 5 g chicken
core histones, 5 g chicken oligonucleosomes, or 5 g H3 synthetic peptide along
with 1 Ci S-adenosyl-L-[methyl-3H]methionine ([3H]SAM, 69.8 Ci/mmol, Am-
ersham Biosciences) in methyltransferase buffer (final concentration 50 mM Tris,
pH 9.0, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, and 2 g/ml each
leupeptin, pepstatin, and aprotinin) for 30 min at 30°C in a total volume of 10 l;
2 l of the reaction was spotted on p81 Whatman paper, while the remainder was
analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) followed by Coomassie staining and fluorography. Identical reactions
were performed in parallel using nonradiolabeled SAM (40 M, Sigma) and
analyzed by SDS-PAGE followed by Western blotting with the anti-Me2K36
antibody.
Nuclear and whole-cell lysate extractions. For nuclei extractions, wild-type
and set2 S. pombe strains were grown in 1 liter yeast extract supplemented with
adenine (YEA) to a final OD600 between 2.0 and 2.5 prior to harvesting. Trans-
formed S. cerevisiae strains were grown to a final OD600 between 2.0 and 2.5 in
200 ml SC lacking uracil prior to harvesting. Nuclei were extracted by Dounce
homogenization from these cell pellets as previously described (12). Yeast
whole-cell extracts were prepared from 20 ml cultures grown to a final OD600
between 2.5 and 3.0 as described (8) and only differed in the breaking buffer used
for cell disruption (50 mM Tris, pH 8.0, 300 mM NaCl, 1 mM Mg-acetate, 1 mM
Imidazole, 0.1% NP-40, 0.5 mM EDTA, 10% glycerol, 2 mM PMSF, phospha-
tase inhibitor cocktail I [5 l, Sigma], and 2 g/ml each pepstatin, aprotinin, and
leupeptin).
Electrophoresis and immunoblot analyses. SDS-PAGE and Western blot
analyses were performed using procedures and reagents from Amersham Bio-
sciences. The anti-H3 mono-K36Me (anti-Me1K36), tri-K36Me (anti-Me3K36),
and C terminus of H3 (anti-H3 C-term) rabbit polyclonal antibodies were ob-
tained from Abcam and used at dilutions of 1:1,000, 1:10,000, and 1:20,000,
respectively. All other histone modification-detecting antibodies (rabbit) were
obtained from Upstate Biotechnology Inc. and used at the following dilutions:
1:3,500 to 1:5,000 for di-K36Me (anti-Me2K36), 1:20,000 for di-K4Me (anti-
Me2K4), 1:10,000 for K9Ac (anti-Ac K9), and 1:40,000 for tri-K4Me (anti-
Me3K4). Mouse monoclonal anti-Flag antibody (M2; Sigma) was used at 1
g/ml. Anti-polymerase CTD antibodies 8WG16 (Unmod CTD) and H14 (Ser5
phosphorylation) were used at dilutions of 1:500 and 1:10,000 to 1:30,000, re-
spectively. The immunoglobulin M H14 antibody was detected using horseradish
peroxidase-conjugated donkey anti-mouse immunoglobulin M at 1:5,000 (Jack-
son ImmunoResearch Laboratories). Typically, 20 to 50 g of whole-cell extracts
or 20 to 100 g nuclei were resolved on SDS-PAGE gels (8% for RNA Pol II and
Flag blots or 13 to 15% for histone modification blots), followed by transfer to
polyvinylidene difluoride membranes and immunoblot analyses.
Flag immunoprecipitations. For Flag immunoprecipitations, 2.0 mg of each
whole-cell extract was incubated with 12.5 l of preequilibrated anti-Flag affinity
beads (anti-Flag M2 agarose, Sigma) for 2 h at 4°C. After three washes in
extraction buffer, the bead-bound proteins were analyzed by immunoblot analysis
using the antibodies and dilutions indicated above.
Growth assays. The effects of medium on cell growth were tested by growing
wild-type and set2 strains (SPK131 and SPK612) in rich yeast extract supple-
mented with adenine (YEA) to a final OD600 of 0.8 and plating 1:10 serial
dilutions of cells on either YEA or Edinburgh’s minimal medium supplemented
with amino acids (EMM). Plates were incubated at 30°C for 3 to 5 days.
ChIP assays. Chromatin immunoprecipitation (ChIP) assays were performed
as previously described (52). Briefly, whole-cell extracts were prepared from
formaldehyde-fixed wild-type and set2 S. pombe strains grown in 100 ml YEA
medium to a final OD600 between 1.0 and 1.5. Extracts were sonicated to shear
chromatin followed by immunoprecipitation using protein A-Sepharose (Amer-
sham Biosciences) with anti-H3 di-K36Me (anti-Me2K36) at 3 l/immunopre-
cipitation. Following washes and DNA elution, cross-links were reversed and
DNA was extracted for amplification using standard PCR methods.
Specific regions in the promoter and coding regions of the following genes
were amplified: ADE6, PMA1, and ACT1. For a control, we used a primer pair
to the K region found in the mating type loci. Primer sequences are available
upon request. The results represent the ratio of immunoprecipitated DNA to
input DNA normalized to the immunoprecipitation/input ratio from the mating
type locus-associated region (K region).
RESULTS
Histone H3 K36 methylation is highly conserved. While K36
methylation has been demonstrated in budding yeast, its pres-
ence and relative abundance in other organisms has not been
well established. To determine the conservation and relative
abundance of K36 methylation in several diverse organisms, we
isolated histones from budding yeast, Tetrahymena ther-
mophila, chicken erythrocyte nuclei, and human 293T cells and
probed them for K36 methylation using an antidimethyllysine
36 antiserum (anti-H3 Me2K36). For comparison and as a
control, we used an antibody specific to dimethylation at his-
tone H3 lysine 4 (anti-H3 Me2K4).
As shown in Fig. 1, we found that K36 dimethylation was
present in all of the organisms analyzed, although the relative
abundance varied between species. It is interesting that in
Tetrahymena thermophila, K36 dimethylation appears to be less
abundant compared to the levels of this modification found in
yeast, chicken, and humans (Fig. 1). However, a possible rea-
son for this observation may be an inability of the K36 dimethyl
antibody to efficiently recognize Tetrahymena thermophila H3.
In yeast, chicken, and humans, K36 is immediately preceded by
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the amino acid valine, while the predominant form of H3 in
Tetrahymena thermophila (H3.1) contains an isoleucine that
precedes K36 (GGVK36KPH versus GGIK36KPH). Thus, this
amino acid substitution may decrease this antibody’s ability to
effectively recognize K36 methylation in the context of its sur-
rounding residues in Tetrahymena thermophila. Nonetheless,
mass spectrometry analysis confirms that K36 is indeed mono-
and dimethylated in this organism (C. D. Allis and D. Hunt,
personal communication), although the relative amounts of these
methyl forms in Tetrahymena thermophila H3 are not known.
In addition to these results, previous studies have shown the
existence of K36 methylation in humans, chicken, and sea
urchin by protein sequencing (17). Furthermore, we and others
have determined that K36 is also methylated in Drosophila
melanogaster, Neurospora crassa, and Caenorhabditis elegans
(B.D.S., unpublished results) (16). Thus, K36 methylation is
found in a broad range of distinct eukaryotes.
With the finding that K36 methylation is highly conserved,
we next asked whether Set2 homologs could be identified in
these different organisms. Using the AWS (associated with
SET), SET, and post-SET domains (amino acids 63 to 260) of
the S. cerevisiae Set2 (ScSet2) protein as bait in a PSI-BLAST
search, we found a significant number of proteins bearing sim-
ilar sequence structures to Set2, and assembled them in a
hierarchical family tree (Fig. 2). As documented in the figure,
the ScSet2 protein was most similar to the S. pombe and Neu-
rospora crassa (NCU00269.1) Set2 proteins (33% and 43%
sequence identity, respectively) (34). While not as highly con-
served, the domain structure of ScSet2 is found in a number of
other proteins found in a variety of diverse organisms.
Strikingly, in addition to the AWS, SET, post-SET, and WW
domains, more complex eukaryotes have a large number of
additional domains and sequences such as PHD fingers and
HMG domains, indicating that these putative Set2 homologs
may carry out additional chromatin-related functions. It is no-
table that the mouse homolog of human NSD1 (Nsd1) has
been shown to mediate K36 methylation in vitro (37), suggest-
ing that the other proteins listed in Fig. 2 may be bona fide
K36-methylating homologs. However, it was not known
whether any of these proteins methylate K36 and associate
with Pol II.
S. pombe Set2 is a robust methyltransferase specific for K36.
To determine if the link between K36 methylation and tran-
scription elongation might be conserved, we characterized the
Set2 protein thought to be responsible for K36 methylation in
S. pombe. We chose to focus on S. pombe because many pro-
teins in this organism have been found to be more similar to
their mammalian counterparts than to their complements in S.
cerevisiae (44). In addition, the role of K36 methylation in this
organism has not been investigated.
We first asked whether this protein is an active histone
methyltransferase (HMT) and whether it catalyzes K36 meth-
ylation. To determine this, we cloned the S. pombe protein into
a pCAL-n expression construct, expressed it in E. coli, and
tested the recombinant protein in HMT assays using [3H]SAM
as a cofactor. As shown in Fig. 3A, SpSet2 showed a robust
HMT activity towards nucleosomal substrates and, to a lesser
extent, free core histones in filter binding assays. In contrast,
this enzyme showed little activity towards free histone H3 (Fig.
3A).
To determine the histone specificity of this methyltrans-
ferase, a portion of the HMT assays involving nucleosomal
substrates were electrophoresed on a 15% SDS-PAGE gel and
examined by fluorography. The results revealed that histone
H3 was the only histone methylated (Fig. 3B). We next per-
formed “cold” HMT assays with SpSet2 using unlabeled co-
factor, followed by Western blot analysis with an antibody
specific for K36 dimethylation to determine if SpSet2 was spe-
cific for K36. The results showed a significant immunoreactiv-
ity towards K36 dimethylation in the presence of SpSet2 (Fig.
3C). In contrast, no immunoreactivity was witnessed after
these HMT assays with antibodies directed against either H3
lysine 79 dimethylation or K4 dimethylation (data not shown).
To further verify the site specificity of SpSet2, we examined
H3 synthetic peptides that were either unmodified or trimethy-
lated at K36 in filter binding assays. Although the overall level
of activity towards H3 peptides was low (compare 3H incorpo-
ration levels between panels A and D), it was still sufficient to
determine whether this activity could be blocked with a K36-
methylated peptide. As shown in Fig. 3D, SpSet2 was able to
methylate an H3 peptide of residues 27 to 45, but not that of
an H3 N-terminal peptide (residues 1 to 20). Importantly, a
matched residues 27 to 45 peptide that was trimethylated at
K36 was not a substrate (Fig. 3D). These data demonstrate
that SpSet2 is a robust nucleosome-selective HMT specific for
K36 methylation.
Set2 and K36 methylation are associated with transcription
elongation in S. pombe. We next asked whether SpSet2 is re-
sponsible for in vivo K36 methylation in S. pombe and whether
it associates with elongating Pol II. To address the first point,
we deleted the set2 gene from S. pombe and used these cells,
along with the wild-type control, to generate purified nuclei for
subsequent Western blot analyses. As shown in Fig. 4A, dele-
tion of set2 resulted in a complete abolishment of K36 meth-
ylation (mono-, di-, and trimethylation), but not K4 methyl-
ation or H3 K9 acetylation, in bulk histones, indicating that
FIG. 1. Conservation and abundance of histone H3 K36 methyl-
ation. We resolved 1 g of Xenopus laevis recombinant histone H3 and
5 g of total core histones from the species indicated on 15% SDS-
PAGE gels, transferred to a polyvinylidene difluoride membrane, and
probed with anti-Me2K36 and anti-Me2K4. Identical samples were
examined in parallel by Coomassie staining to show histone loading.
The asterisk indicates H3 breakdown products that are typically ob-
served.
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SpSet2 is the sole enzyme in fission yeast responsible for this
modification. We also examined the set2 deletion (set2) strain
for growth defects and found that while set2 cells grew nor-
mally on rich YEA medium, they showed a strong growth
defect in synthetic medium (EMM), which is nutrient depleted
compared to YEA (Fig. 4B). These data reveal an important
role for Set2 in cell growth under deprived nutrient or stressed
conditions. Similar slow-growth phenotypes on minimal me-
dium have been described for the deletion of other factors
involved in transcription and translation (2, 45).
To determine if the SpSet2 enzyme would be associated with
Pol II, we tagged SpSet2 at its C terminus with a triple Flag
epitope (SpSet2-3Flag) and then used this epitope to perform
coimmunoprecipitation experiments to monitor the associa-
tion of unmodified or hyperphosphorylated Pol II. The differ-
ent forms of Pol II were monitored using antibodies 8WG16
and H14, which recognize unmodified and Ser5 phosphory-
lated CTD, respectively. As shown in Fig. 4C, immunoprecipi-
tation of SpSet2-3Flag resulted in strong immunoreactivity of
the Ser5-phosphorylated CTD form of Pol II. No unmodified
Pol II could be detected in these immunoprecipitates, although
unmodified Pol II could be readily detected in the input ex-
tracts. These data demonstrate that SpSet2 is associated with
the elongating form of Pol II in S. pombe. This result is also
consistent with the finding that a region in the C terminus of
the SpSet2 protein contains similarity (17/42% identity/simi-
larity) to a region in ScSet2 that was found to mediate associ-
ation of Set2 with the phosphorylated polymerase (22).
Next, we asked whether K36 methylation is associated with
the transcribed regions of active genes in S. pombe. To address
this, we used a K36 dimethylation-specific antiserum in ChIP
assays to examine the abundance and distribution of this mod-
ification over genes. Consistent with observations in budding
yeast (25, 39, 52), we found that K36 methylation was highly
enriched over the transcribed regions of several active genes
tested (Fig. 5). In contrast, nontranscribed regions of telomeric
and mating type loci were found to be devoid of this methyl
mark (data not shown and Fig. 5). These data strongly suggest
that K36 methylation, mediated by SpSet2, is associated with
the elongation process in S. pombe.
Given the strong similarities found between the budding and
fission yeast Set2 proteins, we finally asked if the fission yeast
K36-methylating enzyme could complement the loss of Set2 in
budding yeast cells. To examine this, we cloned the S. pombe
set2 gene, containing a C-terminal Flag tag, into a budding
yeast expression construct (under the control of the ADH1
promoter) and expressed this protein in set2 cells. As a con-
trol, a similar expression construct containing the budding
FIG. 3. Set2 from Schizosaccharomyces pombe is a robust nucleosome-selective K36-specific methyltransferase. (A) Bacterial lysates containing
recombinantly expressed SpSet2 (or vector-only control) were incubated with recombinant H3 (rH3), chicken core histones, or oligonucleosomes
(Nuc.) and [3H]SAM. 3H incorporation was analyzed by the filter-binding assay and monitored by scintillation counting. (B) Reaction products
from HMT assays using oligonucleosomes and SpSet2 were resolved on a 15% SDS-PAGE gel and examined by Coomassie staining (lower panel)
and fluorography (upper panel). The asterisk indicates the H3 breakdown product that is typically observed. (C) Oligonucleosomes or recombinant
H3 was incubated with SpSet2 and unlabeled SAM in an HMT assay followed by immunoblotting with the anti-Me2K36 antibody (upper panel).
Parallel reactions were performed and examined by Coomassie staining to monitor loading (lower panel). (D) Filter-binding assays were performed
as in A using bacterial lysates with or without SpSet2 and H3 peptides either unmodified (H3, 1–20 or H3, 27–45) or trimethylated at H3 K36 (H3,
27–45 K36 tri-Me) in the presence of [3H]SAM.
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yeast SET2 gene was included. As shown in Fig. 6, full-length
SpSet2 could be readily detected by Western blot analysis
using an anti-Flag antibody. The S. pombe protein runs with a
slower migration compared to the budding yeast Set2, as this
protein is slightly larger than its budding yeast counterpart.
We then purified nuclei from these strains and examined the
levels of K36 methylation on bulk histones. Significantly, we
found that the S. pombe Set2 protein could restore K36 meth-
ylation in set2 cells. This result suggests that SpSet2 forms a
stable interaction with Pol II in budding yeast. To examine this
idea further, we performed similar coimmunoprecipitation
studies as described above and found that SpSet2 efficiently
associates with the elongating form of Pol II, similar to its
budding yeast counterpart. This result shows that these en-
zymes are interchangeable, thereby supporting the notion that
Set2 and K36 methylation is functionally conserved.
DISCUSSION
Like the conservation found between histone protein se-
quences among eukaryotes, their covalent modifications are
also highly conserved (17). Yet, a looming question has been
whether these modifications perform the same functions in all
of these different organisms or have distinct functions that
have arisen through evolutionary change. To date, several sites
of histone methylation have been associated with active tran-
scription. These include the methylation of H3 at lysines 4, 36,
and 79 (13, 15, 25, 29, 33, 42, 49). In S. cerevisiae, the enzymes
responsible for K4 and K36 methylation have been found as-
sociated with the elongating form of Pol II (15, 42). This
intriguing observation implies a novel role for histone methyl-
ation in the elongation phase of transcription. However,
whether these enzymes are conserved and have similar func-
tions in organisms outside of budding yeast has not been fully
investigated.
In this report, we characterize the fission yeast enzyme re-
sponsible for K36 methylation and provide evidence that this
modification in S. pombe is coupled with the transcription
elongation process. Given budding yeast is evolutionarily dis-
tinct from fission yeast, this result suggests that Set2 has a
conserved function in transcriptional regulation. While our
study has focused on K36 methylation, several studies have
characterized Set1 homologs responsible for K4 methylation
outside of budding yeast (8, 9, 30, 32, 51). Although the link
between K4 methylation and transcription elongation in these
FIG. 4. Set2 is responsible for mediating global K36 methylation in S. pombe. (A) S. pombe nuclear extracts prepared from wild-type (WT) and
set2 strains were probed with antibodies against H3 K36 mono-, di-, and trimethylation. An antibody specific for the C terminus of H3 was used
as a loading control. Antibodies specific for H3 K9 acetylation and H3 K4 trimethylation were used as additional controls. The asterisk indicates
H3 breakdown products that were observed. (B) A slow-growth phenotype develops in the absence of S. pombe set2 under nutrient-deprived
conditions. Wild-type or set2 cells were spotted at a serial dilution of 1:10 and grown at 30°C on rich medium (YEA) for 3 days or minimal
medium (EMM) for 5 days before being photographed. (C) SpSet2 interacts with the hyperphosphorylated form of Pol II. Whole-cell extracts
(WCE) prepared from wild-type or genomically tagged SpSet2 (SpSet2-3Flag) were immunoprecipitated with anti-Flag antibody followed by
immunoblotting with antibodies directed against unmodified CTD (8WG16, anti-unmod CTD), Ser5-phosphorylated CTD (H14, anti-Ser5P), or
Flag (anti-Flag). The locations of Pol II and SpSet2-3Flag are indicated. The input whole-cell extracts were also examined by immunoblot analysis
to monitor the presence of Pol II and SpSet2-3Flag.
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FIG. 5. Set2-mediated K36 methylation is preferentially associated with the transcribed regions of active S. pombe genes. Left panels A to C:
Chromatin immunoprecipitation assays were used to monitor the location of K36 dimethylation on actively transcribed genes (ADE6, ACT1, and
PMA1) in wild-type and set2 strains using an H3 Me2K36-specific antibody. DNA from enriched precipitates (IP) were isolated and used in PCRs
with promoter- and coding region-specific primer pairs for the indicated genes. A DNA fragment from the silent mating type loci (K region) of
S. pombe known to lack modifications associated with active genes (H3 K4 methylation and H3 K14 acetylation) (34) was used as a control to
normalize and calculate the relative enrichment of gene sequences in immunoprecipitated samples. Right panels: Quantification of the ChIP results
shown in A to C. Relative enrichment values shown on the y axes were calculated by dividing the ratio of band intensities for immunoprecipitated
DNA K region with the ratio of intensities for the input DNA K region. Gels and graphs are representative experiments from three independent
repeats.
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organisms is not well defined, there are a number of similari-
ties found between Set1 and K4 methylation among eukaryotes
that suggest a conserved role for this modification similar to
what is found for Set2/K36 methylation. First, Set1-mediated
K4 methylation is associated primarily with euchromatic re-
gions in all organisms, with a distribution pattern on genes in
metazoans and in S. pombe that is very similar to what is
observed in budding yeast (40). Second, comparative studies of
human and budding and fission yeast Set1 have shown that
these proteins have nearly identical complex compositions, and
in the case of S. pombe, Set1’s methylation is dependent on the
ubiquitin-conjugating enzyme Rad6 (38). Additionally, a Set1
homolog in humans, MLL2, has been shown to associate with
the Ser5-phosphorylated form of Pol II, similar to the budding
yeast counterpart (18). Collectively, these data suggest that the
functional conservation of K4 and K36 methylation in Pol
II-mediated transcription is highly conserved.
It is significant that while S. pombe has only one Set2-like
homolog, our BLAST searches revealed that most multicellu-
lar organisms have a number of K36-methylating enzymes (Fig.
2 and data not shown). Although the functions of these other
enzymes are not known, it is intriguing to speculate whether all
of these putative K36-methylating enzymes could be associated
with the elongating polymerase in their respective organisms,
or if some of these Set2-like proteins are involved in other
biological processes outside of Pol II-coupled transcription.
While it will take in-depth characterization of each putative
Set2 homolog to determine their role(s) in chromatin regula-
tion, one clue to suggest that K36 methylation in more complex
eukaryotes may have distinct functions other than a role with
Pol II is the fact that only one Set2 homolog from any given
species appears to contain a prototypical SRI (Set2 Rpb1 in-
teracting) domain, which is the domain required for Set2 to
mediate its association with the phosphorylated CTD (22).
Given that not all Set2 homologs contain this domain, we
speculate that K36 methylation will have a broad range of
activities in chromatin in addition to a conserved role with the
transcribing polymerase.
In summary, we demonstrate that SpSet2 is a true ortholog
of the budding yeast Set2 enzyme and that this enzyme and
K36 methylation are linked to the transcription elongation
process in S. pombe. While our characterization studies are
limited to S. pombe, an accompanying paper shows similar
findings for the Neurospora crassa Set2 homolog (1). Further-
more, a link between K36 methylation and CTD phosphoryla-
tion has been suggested in Caenorhabditis elegans (16), and
recent evidence shows a correlation of K36 methylation with
active genes in metazoans (6). Taken together, these results
indicate a highly conserved role for K36 methylation in tran-
scriptional regulation.
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